The most basic properties of whole-tree root systems have remained essentially impossible to determine non-destructively. The alternative, excavation and destructive root sampling, remains the bane of root physiologists' existence. In this issue, Ellis et al. (2013) have made progress on electrical capacitance, one of the more promising non-destructive techniques to disentangle the belowground maze. Among their several findings, Ellis et al. (2013) demonstrate that the electrical capacitance technique can (i) separate intermingled tree root systems; and (ii) has the potential for estimating root length across orders of magnitude of root system length. Although it remains to be seen whether this second finding is influenced by allometric autocorrelation, Ellis et al. (2013) have raised the bar on field root research by considering how the physics of both the capacitance method and the root processes themselves operate across scales of organism size, and across individual trees in natural or managed ecosystems. Ellis et al. (2013) build on the electrical capacitance and impedance groundwork laid by previous workers in this area (Chloupek 1977 , Dalton 1995 , van Beem et al. 1998 , OzierLafontaine and Bajazet 2005 , Čermák et al. 2006 , Cao et al. 2011 , Urban et al. 2011 , Dietrich et al. 2012 ). Where Ellis et al. (2013) have gone farther is in the range of plant sizes considered, covering two orders of magnitude in plant size, and an unprecedented species (25) and site (7) diversity. Moreover, this study is the first to apply the electrical capacitance technique in forests.
properties of interest, including root mass, area and length. At an abstract level, the concept is straightforward. A capacitor is simply two electrical conductors separated by an insulator (or more accurately, a dielectric material). In the tree root system, the two conductors are the outside and inside of the roots, and the dielectric is some layer within the root itself. Where things get fuzzier is just where we need them to be clearer: the identity of the specific tissue or tissues constituting the dielectric. Dalton (1995) developed a widely used physical model of root system capacitance, which mentions only 'root tissue' as the intermediary insulating layer between the outer (soil matrix) and inner (xylem) conductors. Does this insulating layer consist of the entire root cortex, or just the endodermal layer and casparian strip? Does suberization in endodermal cells, or cutin in epidermal cells, affect the dielectric properties of the insulating layer? Do mycorrhizal associations and structures influence electrical capacitance? Or root membrane ion channels and aquaporins? These are some of the details that probably matter (as emphasized by Dalton 1995) , but which remain somewhat of a black box, including in Ellis et al. (2013) .
Notwithstanding these unknowns, Ellis et al. (2013) set out to test (among a rich set of 10 hypotheses) several predictions of Dalton's model, assuming the same basic concept of roots as cylindrical capacitors, with the cortex as the insulator. Exemplifying the fortuitous use of objects that is rife (and elegant) in tree physiology research, hand chisels served as stem electrodes (Figure 1 ). Field studies were conducted in seven ecosystems in Australia and Mexico, covering conifers, evergreen broadleaf, and deciduous tropical trees, and even a previously studied bean plant species (Vicia faba L.). Trees ranged to over a century old and 30 m tall.
Among key findings of Ellis et al. (2013) was a simple, but potentially powerful one: intermingled root systems can be
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Downloaded from https://academic.oup.com/treephys/article-abstract/33/1/1/1729276/Untangling-the-belowground-knot by guest on 16 September 2017 distinguished using the electric capacitance technique. The impedance (an alternating current form of resistance) between tree root systems was large compared with impedances within a tree circuit. This finding could add an important tool to a root identification toolkit that includes genetic fingerprinting methods (Linder et al. 2000) . One question this raises is whether species connected by mycorrhizal associations (Simard et al. 1997 ) may show a different result. Testing sites containing biophysically connected species may shed light on the nature and extent of the root capacitor.
Another notable finding from this study is an apparent relationship between capacitance, root tissue density and root system length, which covered over two orders of magnitude of root system size. Interestingly, the power law relationship between these variables had a value near 4/3-a signature of fractal geometry and flow optimality that has been investigated by others (West et al. 1997 , McCulloh et al. 2003 . Does the relationship found by Ellis et al. (2013) reflect underlying allometrics of the root hydraulic system? It remains to be seen whether this result is fortuitous or fundamental, and surely this will be followed up by the authors and others over larger size ranges.
Studying roots has long been hampered by a version of physics' uncertainty principle: measuring roots requires destroying them or disrupting their delicate soil environments. Yet the need to quantify root properties is growing more acute. The largest repository of terrestrial carbon is belowground (Pan et al. 2011) , and roots regulate the increasingly perturbed global carbon, water and nutrient cycles.
While not yet ready for routine use, Ellis et al. (2013) have made a key step toward opening up a potentially cheap, simple and non-destructive tool for belowground research. Figure 1 . Arrangement of stem electrodes and soil electrodes for the electrical capacitance technique, at Chachalaca, Chamela (Mex.) Natural forest, a deciduous tropical forest. Here stem electrodes are being used to measure stem impedance as a component of the electric circuit. To measure root capacitance, a circuit is made between the stem base and the soil electrodes (background). The tree shown is of the species Bursera arborea Riley.
